Summary Cortisol's daytime rhythm is thought to be altered by aging and by exposure to chronic stress. However, measurement of an individual's usual cortisol rhythm is hampered by the effects of acute stressors, by differences between working days and weekends, by between-day variation in waking time and sleep duration, by variability in cortisol sampling times, and by possible variability in the timing of cortisol peak and nadir. Therefore, to determine differences in the usual daytime cortisol rhythm by age, socioeconomic status, and race/ethnicity, we measured salivary cortisol levels at four time-points, repeated over four days that included both weekdays and weekend days, in 1693 men and women from a national sample, and used three alternate growth curve specifications for the underlying cortisol rhythm (linear spline, quadratic spline, piece-wise linear-cubic) in order to minimize the impact of sample timing and other methodological issues. Model-predicted mean values of (and demographic and socioeconomic differences in) cortisol peak, nadir, and area under the curve (AUC) were nearly identical across model specifications. Older age and male gender were independently associated with higher cortisol peak, nadir, and AUC. Low education and minority race/ethnicity status were independently associated with lower cortisol peak and higher nadir, but were not associated with AUC. We also found significant cortisol peak and AUC associations with waking time, sleep duration, and workday vs. weekend day status, suggesting the importance of measuring these confounders and Abbreviations: MIDUS, Midlife in the United States; NSDE, National Study of Daily Experiences; SES, Socioeconomic status.
Introduction
Cortisol, a key regulator of inflammatory and major metabolic activity, and a primary agent of the neuroendocrine stress response, has an underlying circadian rhythm, with circulating levels peaking shortly after awakening, followed by a gradual decline during the waking day (Steptoe et al., 2003) . Changes in this diurnal rhythm are seen with aging and also in individuals exposed to chronic or frequent life stresses. These changes include blunting or heightening of the morning peak and increases in the late evening nadir (Varadhan et al., 2008; Almeida et al., 2009) . Such changes are thought to be part of the biological pathway by which chronic or frequent life stressors affect physical health (Lundberg, 2005; Cohen et al., 2007) and even mortality (Kumari et al., 2011) . In addition to changes in the amplitude of the circadian oscillation, there has also been the suggestion that the timing of the nadir might be affected by age and possibly by chronic stress (van Cauter et al., 1996) .
However cortisol peak and nadir associations with socioeconomic disadvantage -a chronic stressor, have not been consistently found (Dowd et al., 2009) . Inconsistencies in socioeconomic status (SES) associations with daytime cortisol levels may reflect diverging influences of ongoing and past stressors: while past exposure to frequent or severe stress is expected to raise resting cortisol levels (i.e., late evening nadir and overnight levels) and blunt morning peaks , ongoing daily stressors accentuate the morning rise and raise peak levels (Pruessner et al., 2003) . Moreover, day-to-day variation in ongoing stressors, such as differences in work-related stress levels between weekdays and weekend days, can mask long-term changes in cortisol rhythms (Clow et al., 2004; Kunz-Ebrecht et al., 2004; Adam et al., 2006) . Cortisol rhythms may also vary from one day to the next because of differences in the time of waking and/or duration of sleep (Edwards et al., 2001; Kumari et al., 2009 ). It has therefore been suggested that repeated measurement over multiple days is needed to assess underlying daytime cortisol rhythms (Hellhammer et al., 2007) . Studies of daytime cortisol have also been plagued by between-person variation in the timing of the cortisol sample meant to capture the morning peak level; both early and late measurements underestimate the peak and blur between-person differences in cortisol trajectories (Kunz-Ebrecht et al., 2004) .
Therefore, to address open questions about changes in the cortisol rhythm with age and SES, and to determine differences across demographic groups, while addressing these methodological concerns, we examined salivary cortisol measurements repeated over multiple days (including both weekdays and weekend days) in a large national sample, and used spline regressions with the first knot fixed at the expected time of the morning peak, to reduce the impact of sample timing on study findings (Ranjit et al., 2005) . Our objective was to determine how the magnitudes of the daytime cortisol peak and nadir, and the integrated cortisol exposure over the waking day (i.e., area under the curve) vary by demographic and socioeconomic characteristics, while adequately controlling for between-person and within-person (day-to-day) differences in waking time, length of bedtime during the preceding night, length of typical wake-day, and weekend vs. weekday status, and while allowing for possible variations (both between person and within person from day to day) in the timing of the cortisol peak and nadir.
Methods
Data came from the second wave of the Midlife in the United States Study (MIDUS), which included salivary cortisol collection on a sub-sample, as part of the National Study of Daily Experiences (NSDE). The MIDUS study, initiated in 1995, was designed to determine how social, psychological, and behavioral factors inter-relate to influence mental and physical health. The first wave collected sociodemographic and psychosocial data on 7108 Americans, ages 25-74 years, from a sample of English-speaking, non-institutionalized adults residing in the contiguous 48 states, whose household included at least one telephone (recruited by random digit dialing), with oversampling of five metropolitan areas, twin pairs, and siblings (Brim et al., 2004) . Of the original 7108 MIDUS participants, 4963 (70%) were successfully re-contacted and completed the MIDUS II 30-min phone interview and two self-administered questionnaires 9-10 years later using the original protocol (Radler and Ryff, 2010) . To increase the representation of urban African Americans in the sample, an additional 592 African Americans were recruited (to participate in MIDUS II) from Milwaukee, WI, with U.S. Census data used to obtain a diverse representation across household income, age, and gender (Slopen et al., 2010) . In this second wave, as part of NSDE II, a random subsample (n = 2022) of the MIDUS II sample also completed a daily telephone diary study about their experiences over eight consecutive days and collected four saliva samples per day (for cortisol assessments) on four consecutive days, starting from day 2 of the diary study (Almeida et al., 2009 ).
Study sample
Of the 2022 NSDE II participants, 1733 provided at least one valid cortisol sample with sampling time, for a total of 6883 days of cortisol data. We dropped data from 150 days when participants awoke before 04 AM, an additional 115 days when the 3rd (pre-lunch) cortisol sample was 10 nmol or more higher than the 2nd (morning-peak) sample (as this of collecting cortisol measurements over multiple days in research studies. We conclude that daytime cortisol levels are higher in older age and in men compared to women, and that the daytime cortisol rhythm is flatter (more blunted) in less privileged segments of society. Flattening of daytime cortisol rhythms may represent one mechanism by which social stressors lead to poor health outcomes. # 2013 Elsevier Ltd. All rights reserved.
likely reflects a time-recording error for one of the two saliva samples or cortisol measurement error after a meal), 64 days when respondents woke after 11 am, and an additional 32 days for respondents who were awake more than 20 h on a given day. This left us with a potential sample of 1714 participants. Missing data on race/ethnicity, education, average wake-day length, or weekend day vs. workday status reduced the final analytic sample to 1693 participants (from 1409 families) with 6318 days of cortisol collection and 24,388 salivary cortisol data points.
Measurements
Prior to their first NSDE II telephone interview, participants received an in-home saliva collection kit, which included a detailed instruction sheet, and sixteen numbered and colorcoded salivettes (Sarstedt, Nümbrecht, Germany). Interviewers reviewed collection procedures with participants during the first interview, and saliva collection began the next day (day 2 of the eight-day study). On saliva collection days (days 2 through 5), participants were instructed to collect four saliva samples, one upon waking, one around 30 min after getting out of bed, one before lunch, and one at bed time. Data on the exact time of each saliva sample were obtained from nightly telephone interviews by study staff and on a paper-pencil log sent with the collection kit. In addition, a quarter of the respondents receive a ''Smart Box'' to store their salivettes, with a computer chip that recorded the time of box opening and closing. Correlations between self-reported times (paper-pencil log and nightly phone interviews) were above 0.9 for each of the four sampling points; correlations between self-reported times and times obtained from the ''smart box'' ranged from 0.75 to 0.95 across the four sampling points. Salivettes were frozen (at À60 8C) for storing and shipping. Cortisol concentrations were measured with a commercially available luminescence immunoassay (IBL, Hamburg, Germany).
Demographic and socioeconomic characteristics, age, race/ethnicity, gender, highest level of educational attainment, and annual household income, were all self-reported in the MIDUS II questionnaire. We categorized age in three groups of similar size: <50 years old, 50-64 years old, and 65 years of age or older. We also collapsed race into two groups: Caucasian and non-Caucasian. The latter group was predominantly African American (67.5%), but also included Hispanics, Native Americans, and people of mixed race/ethnicity (n = 77). Education was analyzed as a three-category variable indicating whether the respondent had completed high school or less; had some college education but not completed it; vs. had completed a college education. Annual household income was dichotomized at the median level ($60 K) for purposes of analysis.
Additional variables that could potentially influence the daily cortisol trajectory were obtained for every day of the cortisol measurement from the participant during the nightly telephone interviews, and included the length of sleep the previous night, morning waking time, night bedtime, and whether or not it was a weekend day -a distinction that was made only for those who were employed. To capture the influence of too little sleep and too much sleep, we categorized the previous night's sleep time into three groups: <6 h, 6-8 h, and >8 h. Waking time and bedtime were used to compute the length of the waking day, which was averaged over all eight-diary days, to get average wake-day length for every participant.
A third set of variables that may mediate the associations between demographic/socioeconomic characteristics and daily cortisol trajectories were collected from participant responses to questionnaires, and included depression (yes/ no), a count (range, 0-4) of major chronic health conditions (Piazza et al., 2012) , body mass index (calculated from reported weight and height), current smoking status (yes/ no), mean number of cigarettes smoked per day over the eight days of the diary study, mean physical activity (minutes per day) over the eight days, current use of oral steroid medications (yes/no), and current use of anti-anxiety or antidepressant medications (yes/no).
Analysis
Since multiple previous studies have demonstrated that cortisol rhythms are driven by time elapsed since awakening and less by clock time (van Cauter, 1990; Steptoe et al., 2003; Clow et al., 2004; Fries et al., 2009; Kumari et al., 2010) , we examined cortisol trajectories as a function of time since waking, after excluding measurements for days with extreme waking times (before 04:00 AM and after 11:00 AM) and extreme waking day lengths (longer than 20 h).
Although participants had been instructed to take the second saliva sample of the day 30 min after waking, there was significant variability in actual time of sampling, with the second sample collected between 22.5 min and 37.5 min after waking in less than 65% of collection days. In 4% of collection days, the second sample was taken between 7.5 and 22.5 min after waking, in 20% of days between 37.5 and 60 min after waking, and in 11% of the days an hour or more after waking. There was even more variability in the timing of the 3rd (pre-lunch) and 4th (bedtime) saliva samples; this allowed us to examine cortisol values at different times during the day in the population (albeit across different individuals) to get a general idea of the shape of the mean daytime cortisol trajectory.
We first plotted salivary cortisol sample means over consecutive (non-overlapping) 15 min intervals as a function of time since waking. Because of considerable right-sided skew in the distribution of cortisol, and because several bed-time cortisol measurements were smaller than 1 nmol/L, we also examined plots of the log of (cortisol + 1 nmol/L), also averaged over consecutive 15-min intervals. A visual comparison of the two mean plots indicated that the log cortisol trajectory has less variability around straight-line segments than the raw cortisol trajectory (Taylor et al., 2011) . A four-piece, piece-wise linear growth curve (with knots at 0.5 h, 4.5 h, and 15 h after waking, as determined by an examination of the mean plots) fit the log cortisol data substantially better than it fit the raw cortisol data: R-squared of 55.6% vs. 42.4%. We therefore chose to model the daytime trajectories of log cortisol rather than raw cortisol.
Next, to examine the consistency of the general shape of the daytime trajectory across the population, we plotted trajectories of log cortisol over different strata of the study sample: (1) age groups (<50, 50-64, and >64 years); (2) gender; (3) annual household income ($60 K and less, more than $60 K); (4) time of waking (before or after 0642 h, the median waking time in the study); and (5) bedtime (before or after 2230 h, the median bedtime in the study). The general form of the daytime log cortisol trajectories and the location of inflexion points were very consistent across these groups, with every group showing a morning peak 30 min after waking, then a steep decline from the peak for 4 h, followed by a more gradual decline for 10.5 h, and a final plateau or upturn late in the day (strata-specific plots not shown, but available on request).
Accordingly, we decided to model the daytime trajectories of log cortisol as spline functions of time since waking, with the first knot fixed at 0.5 h (30 min). We experimented with three distinct specifications (parameterizations) of the trajectory of log-cortisol: (1) Linear spline: piece-wise linear trajectory with four linear segments and three fixed knots at 0.5 h, 4.5 h, and 15 h after waking, corresponding to the inflexion points noted in mean plots; (2) Piecewise linear-cubic: twopiece growth curve, with an initial linear segment up to 0.5 h after waking, followed by a cubic segment; (3) Quadratic spline with one knot at 0.5 h after waking. Linear splines with fixed knots have been used previously to model diurnal cortisol rhythms (Ranjit et al., 2005; Dowd et al., 2009 ); here, we also examined alternate modeling approaches that impose greater degrees of smoothness in the cortisol trajectory and allow for the possibility that inflexion points vary from person to person. Compared to the linear spline model, the piecewise linearcubic and quadratic spline models do not fix the second and third inflexion times across the population, and model a smoother decay after the peak. The quadratic spline model, in addition, also allows the timing of the peak to vary and models a smooth transition at the peak (Smith, 1979; Harrell et al., 1988 ).
We used multi-level (four hierarchical levels), linear mixed-effects regression to model the log-cortisol growth curves and to account for within-day, within-person, and within-family correlations in cortisol measurements. All growth curve parameters (intercept, slopes, quadratic, and cubic growth rates) were modeled to vary with individual-level primary demographic/socioeconomic predictors (age, gender, race, and education level) and the following covariates: average wake-day length (individual-level), waking time (day-level), and weekend vs. workday status (daylevel). To account for correlation between members of the same family (twin pairs and siblings), we included a random intercept at the family level. To account for correlations between repeated measurements in the same individual, we included random effects at the individual level for all growth curve parameters. In addition, to capture correlations (in an individual) between repeated cortisol measurements in the same day, we included a random intercept at the day level and either a random initial decline slope (for the linear spline and the linear-cubic specifications) or a random quadratic growth rate (for the quadratic spline specification).
Model estimates of intercept, slopes, and quadratic and cubic growth rates were used to estimate the daily peak, the nightly nadir, and the integrated total log-cortisol exposure over 16 h, or area under the log-cortisol curve (AUC), using formulas listed in the appendix. Robust error variance estimation was used to generate standard errors and confidence intervals for all trajectory parameters and effect sizes.
In supplementary analyses, we added eight potential mediators/confounders to the models (depression, count of health conditions, body mass index, smoking status, mean daily cigarette consumption, mean daily physical activity, oral corticosteroid medication use, and psychiatric medication use), and examined changes in the size of demographic/ socioeconomic associations with cortisol trajectory parameters. Stata version 10 was used for all analyses.
Results
The study sample consisted of 1693 individuals from 1409 families. Forty one percent of the sample was between the ages of 50 and 64 years, 43% were male, and 14% were not Caucasian. Nearly 40% of the sample had graduated from college, but 30% had high school or less education. Eight percent of the sample reported depression, 15% reported using anti-depressant or anti-anxiety medications, and 3% reported using oral corticosteroid medications. Mean number of major chronic health conditions (range, 0-4) was 0.9, and mean body mass index was 28 kg/m 2 . On three quarters of the sampling days, participants reported sleeping between 6 and 8 h the previous night, but on nearly 10% of the days, participants slept less than 6 h the previous night. Less than one in eight sampling days (11.8%) were marked as non-work or weekend days by participants who reported being employed.
The model-predicted mean daytime cortisol trajectories from the three alternate growth-curve specifications (linear spline, linear-cubic, and quadratic spline) were very similar to each other (Fig. 1 ), despite differences in mean slopes estimated by the three models (Table 1 ). The residual variance (not explained by the model) for the three alternate specifications was 0.178 for the linear spline model, 0.187 for the linear-cubic model, and 0.190 for the quadratic spline model, corresponding to model-explained percentage variance (pseudo R-squared) of 78.1%, 76.9%, and 76.6% respectively, for the linear spline, linear-cubic, and quadratic spline models.
Consistent with the striking similarity between modelpredicted mean trajectories (Fig. 1) , the model-predicted mean waking, peak, and nadir values and the AUC were also very similar across the three alternate specifications for the log-cortisol growth curve (Table 1 ). All growth curve parameters for the mean trajectory were statistically different from zero in each model; in addition, the four slopes in the linear spline model were statistically different from each other. There was significant clustering at each of the three higher levels (day, person, and family) as indicated by the random effect variances for the intercept and growth curve parameters in each model specification (Table 1) . After back-transformation from log (cortisol + 1 nmol/L) to raw cortisol, model-predicted mean waking value was 12.9 nmol/L in all three specifications, predicted mean peak was 18.7 nmol/L in two of the three models and 18.4 nmol/L in the quadratic spline model, and predicted mean nadir was 2.1 nmol/L in the linear spline model and 2.3 nmol/L in the other two models. Back-transformation of mean slopes from the linear spline model yields the following mean growth and decay rates for the diurnal cortisol rhythm: morning rise of 41% in 30 min, followed by 21.5% decline per hour for 4 h, then 8.1% decline per hour for 10.5 h, and a late evening rise (after 15 h have passed since waking) of 5.6% per h. Demographic and socioeconomic differences in the daytime cortisol trajectory were consistent across models. In the interest of brevity, we present results from the full models for two of the three growth curve specifications: linear spline model and linear-cubic model (Table 2) , and visually illustrate the demographic differences using the results from only the full linear spline model (Figs. 2-4) . Older age and male gender were associated with higher cortisol values during the entire day. Older individuals, compared to younger participants, had significantly higher average waking values, peaks, nadirs, and AUC (Table 2 and Fig. 2 ). There was a clear 'doseresponse' with the oldest (65 years and older) group having significantly higher average peak, nadir, and AUC than the middle-age (50-64 years) group, and the middle age group having higher values than the youngest (<50 years) group. Men, compared to women, also had higher average waking value, nadir, and AUC (Table 2 ). The average male-female differences in waking value, nadir, and AUC were as large as the average differences between the middle-age and youngest-age groups.
In contrast to the effects of old age and male gender, which were to raise the entire cortisol trajectory, race and SES affected peak and nadir in different directions. Thus, non-Caucasians had lower average waking and peak values but higher average nadirs (i.e., flatter cortisol rhythms, on average) compared to Caucasians, and their AUCs were no different (Table 2 and Fig. 3) . Similarly, less educated individuals had lower average waking and peak values than more educated individuals, but their nadirs and AUCs were comparable (Table 2) . Although those with less education achieved smaller cortisol peaks than those more educated, their cortisol levels declined more gradually from the peak, so that there was no difference in nadir by level of education (Fig. 4) . Both minority race status and low education status were associated with blunting of the morning cortisol peak, and minority race status was associated additionally with higher resting levels, so that the dynamic range in minority race participants was limited from both above and below (Fig. 3) . Race differences in average waking and peak values were more than twice the corresponding differences between the lowest and highest education groups.
In addition to these demographic differences, there were also substantial between-person and day-to-day differences in cortisol rhythms by waking time, length of the average wakeday, duration of sleep the previous night, and weekend vs. working-weekday status (Table 2) . People who stayed awake longer on average (as determined by the 8-day average of wake-day lengths) had faster morning rises and higher peaks, but comparable waking values, nadirs, and AUCs. Peak values and AUCs were also higher on days that participants awoke early (before 06:40 AM). In contrast, employed individuals had lower waking values, peaks, and AUCs on weekend days compared to weekdays. Similarly, sleeping more than 8 h the previous night was associated with lower AUC (Table 2 ).
In supplementary analyses that included controls for potential mediators (health conditions, health behaviors, body mass index, and medications), demographic and socioeconomic differences in daily cortisol trajectories were minimally changed (data not shown).
Discussion
This national study documented striking socioeconomic and demographic differences in daytime cortisol trajectories. Disadvantaged individuals in our society, both those with less education and those from minority race/ethnicity communities, had flatter cortisol rhythms, with lower morning peaks and higher late-evening nadirs. Consistent with a dose response, mean cortisol peak was highest in college graduates, significantly lower in those with some college-level education, and lowest in those with no more than high school education. The differences in mean peak and nadir levels by race (between white and non-white individuals) were larger in magnitude than differences by education (between college graduates and those with at-most high school education). Low education and minority race/ethnicity status were associated with lower peaks and higher nadirs, but the accumulated daytime exposure to cortisol (as measured Figure 1 Model-predicted mean cortisol trajectory in the sample, based on three alternate growth curve specifications: linear spline, quadratic spline, and piecewise linear-cubic.
Demographic differences in daytime cortisol trajectories in a national sampleby the log-cortisol AUC) was not different by either race/ ethnicity or level of education. In contrast, age and gender associations with cortisol peak levels were in the same direction as their associations with cortisol nadir, leading to significant differences in accumulated daytime exposure to cortisol. Thus, the entire daytime cortisol trajectory (including waking, peak, and nadir values and AUC) was higher in older than in younger participants and in men than in women. There was a clear dose response with age, with the oldest group having significantly higher mean levels (and AUC) than the middle group (ages 50-64 years), and the latter having significantly higher mean levels (and AUC) than the youngest group. The male-female differences in mean nadir and AUC were comparable to corresponding differences between the mid-age and youngest-age groups.
The education and race/ethnicity differences in cortisol daytime trajectories seen here are consistent with the chronic stress hypothesis, wherein chronic stress leads to both a blunting of the cortisol awakening response due to burnout and a diminished ability to recover from daily challenges, so that cortisol resting nadirs are elevated (Pruessner et al., 1999; Morgan et al., 2002; Kudielka et al., 2006; Miller et al., 2007) . Our findings confirm and extend findings from previous studies that, at least partly, suggest flattening of daytime cortisol rhythms in less privileged groups. Lower salivary cortisol levels in the morning have been documented in African Americans compared to Caucasians (Bennett et al., AUC, area under the log-cortisol curve from waking to 16 h after waking; SD, standard deviation. a All growth curve models indexed on time since waking, Linear spline model = Piece-wise linear with knots at 0.5, 4.5, and 15 h after waking, Linear-cubic model = two pieces; initial linear segment from waking to 0.5 h after waking, followed by cubic segment that starts at 0.5 h, Quadratic spline model = Quadratic growth (with linear and quadratic terms) starting at waking plus a quadratic term that starts at 0.5 h. b Results of 4-level base models for log (cortisol + 1 nmol/L), adjusted only for individual's average length of waking day, his/her length of sleep the previous night, waking time on day of measurement, and weekend vs. workday status. Random effects included at day level for intercept (waking value) and rapid decline slope, at individual level for intercept (waking value) and all four slopes, and at family level for intercept (waking value) only. Units for cortisol: nmol/L. Thus, units for waking value: log(nmol/L), Units for time: hour. Thus units for slope: log(nmol/L) per hour, for quadratic rate: log(nmol/L) per hour 2 , for cubic rate: log(nmol/L) per hour 3 . c Formulas for generating peak value, nadir value, and AUC from growth curve parameters are listed in Appendix. Units for peak and nadir: log(nmol/L). Units for AUC: log(nmol/L)-hour. Table 1 for model descriptions and units for effect sizes, AUC = area under the log-cortisol curve from waking to 16 h after waking.
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A.S. Karlamangla et al. 2004; Cohen et al., 2006; DeSantis et al., 2007; Hajat et al., 2010; Skinner et al., 2011) and in less educated compared to more educated individuals (Bennett et al., 2004; Hajat et al., 2010; Dowd et al., 2011) . Some of the same studies have also found higher evening levels of salivary cortisol in African Americans (Cohen et al., 2006; DeSantis et al., 2007; Skinner et al., 2011) and the less educated (Cohen et al., 2006) , but no differences in overall exposure to cortisol, as measured by the daytime AUC, by either race or education (Cohen et al., 2006; Hajat et al., 2010) . Since flatter cortisol trajectories over the waking day have been associated, at least crosssectionally, with lower cognitive functioning (Fiocco et al., 2006; Stawski et al., 2011) and with frailty (Varadhan et al., 2008) , such flattening of daytime cortisol rhythms may represent an important biological pathway from chronic stress to poor health and functioning. In contrast to the blunting of dynamic range (lower peaks and higher nadirs) seen in association with both low SES and minority race/ethnicity status, older age and male gender were independently associated with increase in both peaks and nadirs, as seen previously by van Cauter et al. (1996) . Similar age effects have been reported by others (Touitou and Demographic differences in daytime cortisol trajectories in a national sample Haus, 2000) , but gender differences have not been observed as consistently. The higher nadirs seen in the less educated and in non-whites, and the higher nadir and AUCs seen in the elderly and in men, are all consistent with the generally poorer health observed in these demographic groups. It suggests that such changes in the diurnal cortisol rhythm may represent one potential biological pathway to poorer health in these groups. Our study also found that relative to waking time, the timing of peaks and nadirs is broadly consistent across demographic groups and is not affected by non-extreme differences in waking time, justifying the use of splines with fixed knots to model daytime cortisol trajectories, as first suggested by Ranjit et al. (2005) . These findings are consistent with previous studies that have found no effect of gender or age on the timing of the morning cortisol peak (van Cauter et al., 1996) . Touitou and Haus (2000) concluded that the cortisol circadian rhythm is inherently robust and is not affected by day-to-day changes in waking time and even by jet lag.
In contrast to the stability of peak and nadir timing, our study did find that cortisol levels and slopes vary with time of waking, duration of sleep the previous night, length of the average wake-day, and weekend vs. weekday status. These findings are consistent with previous studies showing that waking time and sleep duration independently affect cortisol levels and slopes (Edwards et al., 2001; Kumari et al., 2009) , and that the awakening response is greater on working weekdays than on weekend days (Kunz-Ebrecht et al., 2004) . Taken together, these findings highlight the importance of collecting cortisol data over multiple days including both working weekdays and weekend days, and of controlling for variations in waking time on the day of collection, sleep duration the previous night, typical wake-day length, and weekend vs. weekday status. This is especially important because sleep duration and waking times vary significantly across demographic groups and by SES (van Cauter and Spiegel, 1999; Lichstein et al., 2004) .
Other methodology-related findings from this study were that (a) piece-wise linear trajectories are a better fit to log-transformed cortisol than to raw cortisol, consistent with first-order decay in cortisol from its peak, as first documented in serum and saliva by Umeda et al. (1981) and confirmed in later studies (Purnell et al., 2004) ; (b) linear spline modeling does as good a job of estimating mean trajectories and group differences in cortisol trajectories as higher-order models (that do not fix inflexion times across the population and fit smoother transitions between phases of the trajectory). Estimated mean waking values, peaks, nadirs, and AUCs, as well as group differences in these parameters were remarkably consistent across alternate growth curve specifications. In comparison, slope estimates varied from model to model. This is primarily because slopes from the linear spline model represent average slopes over each segment, while slopes from higher-order models represent instantaneous initial slope in a segment. The observed difference between initial and average recovery slope for instance, suggests that slope estimates from the linear spline model would be sensitive to where the second knot is placed. Unfortunately, the placement of the second knot has been different in different research studies (e.g., Ranjit et al., 2005; Ranjit et al., 2007; Hajat et al., 2010; Dowd et al., 2011) , limiting recovery slope comparisons across studies. Inflexion points are more likely to be detected where data density is high (Dowd et al., 2011) ; thus empiric knot placement is dependent on the collection strategy (specifically, timing of saliva collection) employed by the study. However, since estimates of cortisol levels (waking, peak, and nadir values) and AUC and their associations with predictors were shown to be robust to model specification, they should be less affected by collection strategy and knot placement.
The deleterious downstream effects of cortisol on health are thought to be from sustained increases in cortisol levels and accumulated exposure (Porter and Landfeld, 1998; Purnell et al., 2004; Agnostis et al., 2009) ; thus nadir levels and AUC are likely to be more directly relevant to health, than are slopes. Lastly, our study also found that there is significant correlation (clustering) within collection days and within individuals, as apparent from the variances of random effects at both the day level and person level, demonstrating the importance of using multi-level modeling or related approaches to account for this clustering when estimating standard errors and p values.
Limitations of our study include its cross-sectional design, which limit causal inference; however, the demographic and socioeconomic predictors examined (chronological age, gender, race/ethnicity, and educational attainment) are stable, and could not have been affected by diurnal cortisol rhythms. Moreover, the dose responses seen for both education and age are very suggestive of causal roles for them in daily cortisol trajectories, although a common causal precedent (such as genetics or family environment) for low educational attainment and blunted cortisol trajectories cannot be ruled out. A second major limitation of our study is between-participant variability in cortisol sampling time (relative to time of waking) which affects measured cortisol values. Our use of smart boxes that record the clock time that the box containing the salivette was opened, combined with our use of spline models with fixed knots reduces, but does not completely eliminate, the impact of sampling time on cortisol trajectory parameters, since waking times were self-reported and not objectively measured.
The study also has several major methodological strengths, which include a large national sample, measurement of cortisol over multiple days including at least one weekend day, objective recording of cortisol sampling time using smart boxes, use of splines with a knot fixed at the expected peak time to allow estimation of the cortisol peak value even when the second sample is not timed exactly at the peak, use of multi-level models to account for within-day, within-person and within-family correlations, and inclusion of controls for differences in waking time and sleep duration. To our knowledge, this is also the first study that did a headto-head comparison of linear and higher-order piecewise models for cortisol daytime trajectories.
In conclusion, this study demonstrates the ability of linear spline modeling of log-transformed cortisol data to robustly estimate cortisol peak, nadir, and AUC, and their associations with hypothesized predictors. We found that daytime trajectories were flatter (with lower peaks and higher nadirs) in less privileged segments of our society, and that cortisol levels over the day were higher in older ages and in men compared to women, which is consistent with worse overall health on average in socially disadvantaged compared to more advantaged individuals, in old compared to the young, and in men compared to women. Such alterations in the diurnal cortisol rhythm in disadvantaged individuals may represent one mechanism by which social stressors lead to poor health outcomes.
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Appendix. Peak, nadir, and area under the curve formulas
Formulas for calculating the log-cortisol morning peak (at 0.5 h after waking), evening nadir (at 15 h after waking), and the integrated total log-cortisol exposure (area under the curve, AUC) over 16 h, from growth curve parameters, are provided below. Units for peak and nadir are log(nmol/L) and for AUC log(nmol/L) À hour. hour. Peak and nadir timings could have varied from person to person (and even from day to day), and two of the growth curve model specifications allowed for such variation; however, the mean trajectory in the sample peaked at 0.5 h and nadired at 15 h in all three model specifications (Fig. 2) .
Growth curve specification 1: linear spline model Growth curve parameters: Intercept, Slope 1 , Slope 2 , Slope 3 , and Slope 4 . The intercept is the waking value (in log(nmol/L) and the slopes (in units of log(nmol/L) per hour) are for each of the four linear segments: time since waking 0-0.5 h, 0.5-4.5 h, 4.5-15 h, and more than 15 h. Peak = Intercept + 0.5 Â slope 1 Nadir = Peak + 4 Â slope 2 + 10.5 Â slope 3 AUC = 16 Â Intercept + 7.875 Â slope 1 + 54 Â slopslope 2 + 65.625 Â slope 3 + 0.5 Â slope 4
Growth curve specification 2: linear-cubic model Growth curve parameters: Intercept, Slope 1 , Slope 2 , Quadratic 2 , and Cubic 2 . The intercept is the waking value (in log(nmol/L), slope 1 is the morning rise slope (in units of log(nmol/L) per hour), and slope 2 , quadratic 2 , and cubic 2 are the parameters of the cubic recovery segment that starts 0.5 h after waking. Peak = Intercept + 0. Growth curve specification 3: quadratic spline model Growth curve parameters: Intercept, Slope 1 , Quadratic 1 , and Quadratic 2 . The intercept is the waking value (in log(nmol/L), slope 1 is the initial slope immediately after waking (in units of log(nmol/L) per hour), quadratic 1 is the quadratic growth rate, and quadratic 2 is the rate of the additional quadratic growth that starts 0.5 h after waking. Peak = Intercept + 0. 
